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Tendon-sheath mechanism has ‘‘revolutionized’’ the use of flexible endoscopic systems, by its many
advantages of high maneuverability, lightweight, low cost, and simple design. However, nonlinear phe-
nomena such as friction and backlash hysteresis present major challenges for motion control of the tool
tips. This paper introduces a new mathematical model and a control scheme for the tendon-sheath mech-
anism for use in endoscopic systems. The asymmetric backlash hysteresis model that characterizes the
transmission phenomena of the tendon-sheath mechanism in the loading and unloading phases is pre-
sented and discussed. An efficient parameter identification method is used to estimate the model param-
eters. Comparisons between the proposed model and experimental data validate the adoption of this new
approach. A feedforward compensation method based on the asymmetric backlash hysteresis model is
proposed and explored. The proposed model and control scheme are validated by experimental studies
using a suitable experimental setup. The results show that the proposed model and the control scheme
can improve the accuracy of tendon-sheath mechanism without using any output feedback and can be
easily implemented in surgical robots using tendon-sheath mechanism as the main mode of
transmission.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Flexible endoscopic systems are being used in many diagnostic
procedures such as colonoscopies, gastroscopies, and surgical
tasks. One of the common transmission modes in these systems
is the tendon-sheath mechanism. It offers some advantages as it
can operate in small working areas, allow for drastic reduction of
size, lightweight, capability of transmitting high load, and high
maneuverability.

The mechanical structure of a tendon-sheath mechanism is
illustrated in Fig. 1(a). A tendon-sheath mechanism consists of a
hollow helical coil wire acting as a sheath and a cable slides inside
the sheath acting as a tendon. When the tendon is pulled at one
end, it slides inside the sheath and transmits the motion and force
to the other side of the sheath. In a flexible endoscopic system, the
tendon-sheath mechanisms are routed along an endoscope, which
can access to a potential surgical sites via natural orifices of patient
[1]. They are connected to the slave manipulator to actuate joints
and perform suitable surgical tasks inside the human’s body
(Fig. 1(b)). The slave manipulator, which has two robotic arms,
can undertake the tasks of gripping and cutting the target tissues.
In order to handle various tasks during the operation, each robotic
arm has its own degrees of freedom (DOFs). These DOFs are con-
trolled by the tendon-sheath mechanisms.

The tendon-sheath mechanism has been used in many surgical
systems, such as telemanipulated system for transluminal surgery
[2], ViaCath robotic system [3], MASTER robot [1], and Laprotek
surgical system [4]. When the output information like position
and force at the slave manipulator are not available for feedback
due to sterilization problems and its size, a camera at the end of
endoscope is used to provide visual feedback to the surgeons.
Although the tendon-sheath mechanism has many advantages,
the performances are still limited by its nonlinear friction and
backlash hysteresis phenomena. These nonlinearities pose some
difficulties in predicting the force at the tool tips and challenges
in controlling the precise motion of the system. Moreover, tradi-
tional sensors cannot be mounted on the tool tips to provide the
necessary feedbacks because of practical limitations (sterilization
and size). Therefore, the controller strategy of such system is open
loop with no feedbacks.

Recently, several researchers have addressed the nonlinear
characteristics of the tendon-sheath mechanism with various ana-
lytical models of friction and motion, in which the sheath curva-
ture and static friction model are the main concerns. Some
preliminary analyses have been proposed by Kaneko et al. [5,6].
Despite the absence of the controller strategy in the system, the
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Fig. 1. (a) Tendon-sheath mechanism and (b) flexible endoscope with slave manipulator.

T.N. Do et al. / Mechatronics 24 (2014) 12–22 13
authors successfully introduced the transmission of tendon tension
in terms of lumped mass model parameter with Coulomb friction
model. Palli et al. [7,8] modeled the tendon-sheath mechanism
by taking into consideration a dynamic friction model (Dahl [9])
in combination with the lumped mass model parameters. How-
ever, it is shown that this approach is rather complex when more
tendon elements are considered and discontinuity problem exists
when the tendon-sheath mechanism operates near zero velocity.
In addition, no control schemes of motion are introduced to com-
pensate for the errors. The same approaches were also carried
out by Tian et al. and Low et al. [10,11] where the assumption of
the same initial pretension for each of tendon elements was con-
sidered. Agrawal et al. [12,13] first used a set of partial differential
equations to model the tendon sheath by considering a number of
tendon segments. However, with this approach it is difficult to
determine whether the tendon segments are moving or stable
while the discontinuous problems in areas near zero velocity still
exist. Later, they utilized a smooth hysteresis inverse to reduce
the effect of backlash in the motion of Laprotek robotic arm
[14,15]. Kesner et al. [16,17] implemented a compensation method
to improve the tracking performances for a robotic catheter sys-
tem, where the backlash profile was based on the width of the hys-
teresis curves. These approaches considered the control problems
under the assumption of the presence of a feedback from the tool
tips. In practice, this assumption is not valid for most surgical ro-
bots in use. Moreover, their proposed schemes, based on the inver-
sion of backlash hysteresis models, lead to a computational higher
cost for the compensator and are still limited by discontinuous
problems arising from the approach in modelling. In addition, the
paper does not discuss control problems in cases of multiple fre-
quencies and variations of amplitude in the input signals. To over-
come these shortcomings, backlash hysteresis models and control
schemes with higher accuracy and degree of smoothness, and ease
of implementation are desired. Several mathematical models of
backlash hysteresis including the Duhem model, Preisach model,
Prandtl–Ishlinskii (PI) model were introduced and discussed in
Macki et al. [18] and Hassani et al. [19]. The PI and Preisach are
modeled by the sum of many elementary hysteresis namely
hysterons, which increases the complexity in implementation
and computation if a high number of elements are considered.
The Bouc–Wen model [20], which is a special form of the Duhem
model [21], can provide an accurate approximation of backlash-
like hysteresis curves and capture a wide range of hysteresis
phenomena. This model is able to control the amplitudes and
shapes of the hysteresis loops as well as the smoothness of
transition phases from positive velocity to negative velocity using
a flexible set of parameters.

In this paper, we propose a new approach to model and identify
the nonlinear backlash hysteresis phenomena of a tendon-sheath
mechanism under various input signals. Compared to the existing
approaches, the proposed model allows for the capture of backlash
hysteresis nonlinearities regardless to the curvature and sheath
angles. To compensate for the backlash hysteresis phenomena, a
feedforward control scheme based on the inverse multiplicative
method is proposed and explored. This method is used in many
applications of piezoelectric actuations, as it does not require any
complex inversion of backlash hysteresis model and allows for
easy implementations [21–23]. In order to validate the effective-
ness of the approach, a suitable experimental setup is established.

In Section 2, the experimental work will be presented. Section 3
introduces a review of current backlash hysteresis models and a
new asymmetric backlash hysteresis model for the tendon-sheath
mechanism. Section 4 introduced the identification method of
model parameters and comparisons between experimental results
and the proposed model. The control scheme with asymmetric
backlash hysteresis model-based feedforward compensation will
be expressed in Section 5. Section 6 will show discussions of all ap-
proaches in this paper. Finally, the conclusion is drawn in
Section 7.
2. Experimental setup and preliminary results

A dedicated experimental setup, shown in Fig. 2, is established
to investigate the backlash hysteresis nonlinearity in a tendon-
sheath mechanism. The tendon-sheath mechanism, from Asahi In-
tecc Co., of 1 m length is used. It consists of a Teflon coated wire
tendon with a specification of WR7 � 7D0.27 mm and a round-
wire coil sheath with an inner diameter of 0.36 mm and outer
diameter of 0.8 mm. A Faulhaber 2642W024CR DC motor is in-
stalled at the proximal end to drive the tendon system. In order
to measure the input and output motion at two ends of the ten-
don-sheath mechanism, two high-resolution encoders E6D-CWZ1E
3600P/R 0.5 M from Omron are used. One is connected to the DC
motor at the proximal end to measure the motion input (xin) while
the other is placed at the distal end to measure the motion output
(xout). At the proximal end, the tendon-sheath is fixed to a pulley,
and at the distal side, it is attached to a spring, which provides a
resisting or a tensioning force.

During the experiment, an initial pretension force is applied to
the tendon to prevent it from slacking and the total curve angles of
the sheath configuration are maintained. The feedback signals are
decoded using the dSPACE real time system DS1104. When the
tendon is pulled at the input side by the DC motor, the tension in
the tendon will increase in response to resistance force of the
spring as it is transmitted to the output side. When the DC motor
reverses the direction of the motion, again, due to resistance force
of the spring, the tendon is pulled back towards the distal end.



Fig. 2. Experimental setup.
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In the experiment, MATLAB Simulink and the DS1104 controller
board are used to generate real-time codes for system. In this pa-
per, various input excitations will be applied to investigate the
nonlinearities of backlash hysteresis phenomena in the tendon-
sheath mechanism.

For position control purpose, a tendon sheath mechanism can
be viewed as an element with an input displacement xin(t) and out-
put displacement xout(t) as shown in Fig. 2(a). In the study, the sys-
tem is excited using periodic and non-periodic signals. The upper
panel of Fig. 3 shows the experimental results for a 0.2 Hz sinusoi-
dal excitation with amplitude of 55�; the left panel depicts the time
history of the input and output displacements and the right panel
presents the relation between the input and output displacements.
Similarly, the middle panel of Fig. 3 shows the result for a dual fre-
quency sinusoidal signal of frequencies of 0.2 Hz and 0.5 Hz and
amplitudes of 28�. The lower panel of Fig. 3 presents the results
for a non-periodic motion with two fundamental frequencies of
0.25 Hz and 0:25

ffiffiffi
3
p

Hz with amplitude of 28�. From the experi-
mental results shown in Fig. 3, it can be observed that the backlash
hysteresis nonlinearity in the tendon-sheath mechanism follows
an asymmetric profile for both positive and negative velocity,
where the width of the hysteresis loops is bigger at the upper
reversal point compared to that at the lower one.

The upper panels of Fig. 4 show the experimental results for the
two different configurations of the sheath shapes, i.e. Shape 01 and
Shape 02 as shown in the lower panels of Fig. 4, respectively. It is
observed that the backlash hysteresis profiles are not affected by
the configuration of the tendon-sheath mechanism as long as the
accumulated curve angles remains invariant. This observation is
validated by using many experiments. However, for illustrative
purpose only we depict two of the results as shown in the figure.
In this case, the accumulated curve angles are maintained at
540�. This implicitly means that if the accumulated curve angle is
maintained, the sheath can be flexibly configured, and the backlash
hysteresis profiles are not affected.
3. Nonlinear backlash hysteresis model for tendon-sheath
mechanism

For the tendon-sheath mechanism, the nonlinearities between
the input displacement and the output displacement follow an
approximate asymmetry of backlash hysteresis profile. Tao et al.
[24] described an asymmetric backlash model by:

_xoutðtÞ ¼
c1 _xinðtÞ if _xinðtÞ > 0 and xoutðtÞ ¼ c1ðxinðtÞ � B1Þ
c2 _xinðtÞ if _xinðtÞ < 0 and xoutðtÞ ¼ c2ðxinðtÞ þ B2Þ
0 otherwise

8><>: ð1Þ

where c1 > 0, c2 > 0 are backlash slopes; B1 > 0, B2 > 0 are the width
of backlash; xout(t) and _xoutðtÞ, xin(t) and _xinðtÞ are displacement and
relative velocity at the output and input sides, respectively.



Fig. 3. Experimental results for different input signals (the unit for displacement is expressed in degree); (Upper panel) 0.2 Hz sinusoidal excitation and amplitude of 55�;
(Middle panel) a dual frequency sinusoidal excitation with frequencies of 0.2 Hz and 0.5 Hz and amplitudes of 28�; (Lower panel) non-periodic input signal with two
fundamental frequencies of 0.25 Hz and 0.25

ffiffiffi
3
p

Hz with amplitude of 28�.

Fig. 4. Experimental results for different configurations with the same accumulated curve angles (the unit for displacement is expressed in degree); (Upper left panel) Time
history of input signal; (Upper right panel) input vs. output; (Lower left panel) Shape 01; (Lower right panel) Shape 02.
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The model given in Eq. (1) is discontinuous and needs complex
nonlinear algorithms to control the motion of the system [25,26].
Although the Preisach and Prandtl–Ishlinskii models [18,27,28]
can capture the backlash hysteresis as in the case of the tendon
sheath, a large number of model parameters is required if many
hysteresis elements are taken into consideration. In this paper, a
model of the continuous backlash hysteresis that is appropriate
for control purposes is introduced. The proposed model allows
for the capture of asymmetric backlash hysteresis in the tendon-
sheath mechanism and it is continuous in time. It is constructed
based on several assumptions such as fixed initial pretension and
fixed accumulated curve angles. Before introducing the asymmet-
ric backlash hysteresis model for the tendon-sheath mechanism,
a brief review of the current Bouc–Wen models is introduced in
the next two sections.

3.1. Symmetric hysteresis Bouc–Wen model

The Bouc–Wen model of hysteresis has been used in many
applications because of its ability to describe a wide range of hys-
teresis behavior. It uses an internal state f(t) and a first order dif-
ferential equation [29]. Consider a map x(t) ´ U(x)(t); the
symmetric Bouc–Wen model can be written as:

UðxÞðtÞ ¼ axxðtÞ þ affðtÞ ð2Þ
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_fðtÞ ¼ A _xðtÞ � bj _xðtÞjjfðtÞjn�1fðtÞ � c _xðtÞjfðtÞjn ð3Þ

where U(x)(t) = xout(t) is the displacement output of hysteresis sys-
tem; x(t) = xin(t) is the displacement input. The internal state f(t) is
the solution of the differential Eq. (3) and the dot at the top of vari-
ables represents the first derivative of the internal state with re-
spect to time. The dimensionless parameters A, b, c, n control the
shape and size of the hysteresis loops; ax, af are scale factors that
represent the ratio of output hysteresis to the input displacement
and internal state respectively. In order to use the symmetric
Bouc–Wen model given by Eqs. (2) and (3), a set of six parameters
has to be identified.

3.2. Generalized asymmetric Bouc–Wen model of hysteresis

The Bouc–Wen model given in Eqs. (2) and (3) cannot describe
the asymmetric loops in the loading and unloading phases of the
hysteresis systems. To deal with such problem, Song et al. [30] pro-
posed a model that is able to represent a wide class of asymmetric
hysteresis loops and to flexibly control the hysteresis shape. A
shape control function WðxðtÞ; _xðtÞ; fðtÞÞ was introduced in the
model parameter. The generalized Bouc–Wen model with highly
asymmetric hysteresis is expressed as follow:

UAsymðxÞðtÞ ¼ axxðtÞ þ affðtÞ ð4Þ

_fðtÞ ¼ A _xðtÞ �WðxðtÞ; _xðtÞ; fðtÞÞ ð5Þ

WðxðtÞ; _xðtÞ; fðtÞÞ ¼ _xðtÞjfðtÞjnNðxðtÞ; _xðtÞ; fðtÞÞ ð6Þ

The function NðxðtÞ; _xðtÞ; fðtÞÞ ¼ bHT is combined by two vectors
b and H:

b ¼ ½b1b2b3b4b5b6�

H ¼ ½sgnð _xfÞsgnð _xxÞsgnðxfÞsgnð _xÞsgnðfÞsgnðxÞ�

where b1, . . . , b6 are fixed parameters that control the shapes of
hysteresis loop for six phases. The dimensionless parameters A
and n control the scale and sharpness of the hysteresis loops; ax,
af are scale factors that represent the ratio of output hysteresis to
input displacement and internal state respectively; the dot at the
top of variables represents for the first derivative of internal state
with respect to time. The signum function is defined by

sgn ðzÞ ¼
1 if z > 0
0 if z ¼ 0
�1 if z < 0

8><>: :

As in the symmetric Bouc–Wen model, UAsym(x)(t) = xout(t) and
x(t) = xin(t).

To capture the asymmetric hysteresis in a system using the
model given by Eqs. (4)–(6), a set of ten parameters b1, b2, b3, b4,
b5, b6, A, n, ax, af are to be identified.

3.3. Shortcomings of symmetric and generalized asymmetric Bouc–
Wen model of hysteresis

The backlash hysteresis nonlinearity is modeled using a sym-
metric Bouc–Wen model given by Eqs. (2) and (3). Six parameters
are optimized simultaneously using Genetic Algorithm (GA) by
prescribing them as individual chromosomes in the optimization
algorithm. This results in optimized parameters ax = 0.9225,
af = 0.6576, A = �1.495, b = 4.206, n = 1.0217, c = 2.272. The exper-
imental results using this model with an input signal of sinusoidal
x(t) = xin(t) are shown in the upper panel of Fig. 3. The backlash
hysteresis loops of this Bouc–Wen model are symmetric for both
loading and unloading phases. As shown in the left panel of
Fig. 5, the slopes for loading and unloading phases are the same.
However, experimental data obtained for the tendon sheath show
that the actual curves, shown in the upper panel of Fig. 3, are asym-
metric for both phases – the slopes for loading phase and unload-
ing phase are different. Therefore, a symmetric Bouc–Wen model is
not able to capture the asymmetric backlash hysteresis in the ten-
don sheath; it shows an increase in the errors as well as degrada-
tion in the system performances. With ten optimized parameters,
i.e. ax = 0.922, af = 0.4033, A = �1.9542, n = 2.024, b1 = 14.3384,
b2 = �1.2423, b3 = �3.0037, b4 = �2.4624, b5 = 0.2032, b6 = 3.1268,
the generalized asymmetric Bouc–Wen model proposed by Song
et al. [30] is able to capture the asymmetric backlash hysteresis
of tendon sheath as shown in the right panel of Fig. 5. However,
it requires ten parameters to model the nonlinearities. This leads
to more computation and complex identification process to derive
an exact set of model parameters.

3.4. A new model for asymmetric backlash-like hysteresis

An asymmetric backlash hysteresis model is introduced in this
section. To model the asymmetric nonlinearity for the tendon
sheath mechanism, a modification of the generalized asymmetric
Bouc–Wen model with fewer numbers of parameters is required.
We propose to substitute the hysteresis shape function
WðxðtÞ; _xðtÞ; fðtÞÞ in Eqs. (5) and (6), by a new function as presented
in Eq. (7).

WðxðtÞ; _xðtÞ; fðtÞÞ ¼ �#j _xðtÞjfðtÞ þ dj _xðtÞj
NðxðtÞ; _xðtÞ; fðtÞÞ ¼ #sgnðfðtÞÞ

�
ð7Þ

The output backlash hysteresis given by Eqs. (3) and (4) uses
constant parameters ax, af. In our proposed model, the parameter
ax will be established as the function of relative velocity _xðtÞ to cap-
ture the asymmetric slopes for loading and unloading phases. To
simplify the approach, the scale factor af is set as a value of one
and it does not affect the model properties. The asymmetric back-
lash hysteresis model can be expressed by:

_fðtÞ ¼ A _xðtÞ � #j _xðtÞjfðtÞ þ dj _xðtÞj ð8Þ

UAsymðxÞðtÞ ¼ axð _xðtÞÞxðtÞ þ fðtÞ
axð _xðtÞÞ ¼ a1e2 _xðtÞþa2

e2 _xðtÞþ1

(
ð9Þ

The hyperbolic tangent is defined by tanhð _xðtÞ ¼ e _xðtÞ�e� _xðtÞ

e _xðtÞþe� _xðtÞ; the
function axð _xðtÞÞ is expressed by: axð _xðtÞÞ ¼ 0:5ðð1þ tanhð _xðtÞÞa1

þð1� tanhð _xðtÞÞa2Þ ¼ a1e2 _xðtÞþa2
e2 _xðtÞþ1

In Eqs. (8) and (9), axð _xðtÞÞ > 0 is a continuous function that al-
lows for a smooth transition from the loading and unloading
phases and vice versa; a1 > 0, a2 > 0, A, #, d are parameters that con-
trol the shapes of hysteresis loops in loading and unloading phases,
displacement output UAsym(x)(t) = xout(t), and displacement input
x(t) = xin(t).

The parameters are optimized based upon the minimization of
the error of xout(t) from the measured output using Genetic Algo-
rithm (GA) as shown in the upper panel of Fig. 3; this results in
a1 = 0.8972, a1 = 0.9487, A = �0.8745, # = 5.034, d = 0.1452. The
predicted backlash hysteresis loop is shown in Fig. 6. As shown
in the figure, the backlash hysteresis curves are asymmetric for
the loading and unloading phases. In addition, there are different
slopes for both phases.

The mean square error (MSE) for the proposed model and the
generalized asymmetric Bouc–Wen model given in Section 3.2 in
this case is about 7.84 � 10�3 and 1.89 � 10�3 respectively. The
same error for the symmetric Bouc–Wen model given by
Section 3.1 is about 1.34 � 10�2. Unlike the models mentioned in
Sections 3.1 and 3.2, the proposed model only requires five (5)



Fig. 5. Backlash hysteresis nonlinearity predicted by symmetric (left) and generalized asymmetric (right) Bouc–Wen model of hysteresis. The unit for displacement is
expressed in degree.

Fig. 6. Backlash hysteresis nonlinearity predicted by the proposed model. The unit
for displacement is expressed in degree.
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parameters without sacrificing its accuracy in both phases. The
comparison for models is given in Table 1.

4. Parameter identification method for the proposed model

Genetic Algorithm (GA) is a global search method based on nat-
ural selection and genetics including operators of crossover, muta-
tion, reproduction [31,32]. This method employs natural evolution
to move from one population of ‘‘chromosomes’’ to a new popula-
tion where unfit components are eliminated. The GA generates the
next generations using operators and evaluates the future chromo-
somes based on a fitness function. This fitness function will be used
as a stop condition. For identification of the proposed model
parameters, the optimization is used to determine a set of five
(5) parameters given by Eqs. (7)–(9). In order to match the model
output with the experimental results, the fitness function given by
Eq. (10) is used. The goal is to minimize this fitness function to get
the best result of model parameters under relevant constraints.

Minparametersf ðxÞ ¼
1
N

XN

i¼1

xoutðiÞ � bUAsymðiÞ
� �2

ð10Þ
Table 1
Comparison for models.

Model Advantages

Symmetric Bouc–Wen model Simple with six parameters in mode
angles and configuration

Generalized asymmetric Bouc–Wen model Can capture asymmetric slopes for
independent curve angles and confi

Proposed model Simple with five parameters in mod
well asymmetric loops for both pha
angles and configuration
where i is sampling index and N is total number of samples from
experimental results, xout is actual displacement at distal end of
the tendon-sheath mechanism. bU is the estimated backlash hyster-
esis nonlinearity at distal end of the tendon sheath mechanism. The
fitness function Minparametersf(x) is defined as the mean square error
between the proposed model and actual experimental data.

The GA is used to generate an initial guess of model parameters.
The Nelder–Mead Simplex method is subsequently applied to
refine the identified results. It is a direct search method that can
be utilized to predict the best solution of the model parameters.
The optimisation process is using MATLAB Identification Toolbox
and the fminsearch command. The model parameters can be iden-
tified if the input signal xin(t) and output signal xout(t) are known.
The relative velocity _xinðtÞ is obtained using numerical differentia-
tion of the measured displacement input xin(t). The data in the
identification process are filtered using zero-phase digital filtering
with filtfilt command in MATLAB.
5. Controller design for the tendon-sheath mechanism based on
the proposed model

A feedforward control scheme based on the inverse multiplica-
tive method is proposed and implemented to improve the tracking
performance of the distal end. This method is used in many appli-
cations of piezoelectric actuations because it does not require any
complex inversions of backlash hysteresis model and allows for
easy implementations [21–23]. In addition, this method does not
require adaptive nonlinear control algorithms to guarantee the
controller continuity as in approaches [22,33–37]. Due to the
restriction on size and sterilization requirement, the slave side can-
not be equipped with sensors to measure the backlash hysteresis
displacement during the operations. In such case, the backlash
hysteresis observers based on the proposed model given by
Eqs. (7)–(9) are used to estimate the displacement output of the
tendon-sheath system. The proposed controller based on these
estimated values is able to minimize the displacement errors be-
tween the output, xout(t), and the reference input, xr(t).
Disadvantages

l, independent curve Cannot capture asymmetric slopes for loading and
unloading phases, an approximation of backlash
hysteresis model

both phases,
guration

Too many parameters in model structure (ten
parameters to be identified), an approximation of
asymmetric backlash hysteresis model

el structure, capture
se, independent curve

An approximation of asymmetric backlash hysteresis
model



Fig. 8. Block diagram of smooth function axð _xrðtÞÞ given by Eq. (13).
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5.1. Feedforward controller design and compensation

Consider a reference signal of displacement, xr(t), and the back-
lash hysteresis displacement at the distal end UAsym(t) = xout(t)
given by Eqs. (8) and (9). With a new control input xFF(t) at the
proximal end, a feedforward compensator based on the estimated
backlash hysteresis bfðtÞ and smooth function axð _xrðtÞÞ can be
designed as follows:

xFFðtÞ ¼
1

axð _xrðtÞÞ
ðxrðtÞ � bfðtÞÞ ð11Þ

where bfðtÞ is estimated values of f(t) and axð _xrðtÞÞ is a smooth func-
tion given in Section 3.4.

The estimated values and the smooth function are shown in
Figs. 7 and 8, and are given by:

_bfðtÞ ¼ A _xrðtÞ � #j _xrðtÞjbfðtÞ þ dj _xrðtÞj ð12Þ

axð _xrðtÞÞ ¼
a1e2 _xrðtÞ þ a2

e2 _xrðtÞ þ 1
ð13Þ

By substituting Eq. (11) into Eq. (9), the relationship between the
output displacement xout(t) and the reference displacement xr(t) is
given by:

xoutðtÞ ¼ axð _xrðtÞÞ
1

axð _xrðtÞÞ
ðxrðtÞ � bfðtÞÞ þ fðtÞ

¼ xrðtÞ þ fðtÞ � bfðtÞ ð14Þ

The block diagrams for the estimated variables bfðtÞ and smooth
function axð _xrðtÞÞ are shown in Figs. 7 and 8, respectively. If the esti-
mated values bfðtÞ ¼ fðtÞ then the errors between the reference
input and output displacement will be eliminated. This means that
the output displacement xout(t) will follow the input reference xr(t).
For the DC-motor loop, a saturation function is appended to con-
straint the output signals of controller to between 0 and 24 VDC,
which is the voltage range applied to the motor. The left panel of
Fig. 9 shows the block diagram of the system without a feedforward
loop, while right panel shows that with a feedforward compensa-
tion scheme given by Eqs. (11)–(13). It is shown that the accuracy
of the control is based on the performance of hysteresis observers
given by Eq. (12).

5.2. Implementation of real-time compensation and discussions

This section discusses the identification results for the proposed
model and the real-time implementation of the proposed control
scheme. The proposed schemes are experimentally implemented
to validate their effects on enhancing the position-tracking perfor-
mances of the tendon-sheath mechanism.

5.2.1. Identification results and comparison
In the real-time implementation, any input excitations might be

applied to the reference displacement input, xr(t). As discussed in
Section 3, the parameters of the proposed model can be identified
using GA and Nelder–Mead Simplex method. The identified param-
Fig. 7. Block diagram of estimated backlash hysteresis bfðtÞ given by Eq. (12).
eters for a sinusoidal signal with frequency of 0.2 Hz and ampli-
tude of 56� as shown in the upper panel of Fig. 3 are performed
with a1 = 0.8972, a2 = 0.9487, A = �0.8745, # = 5.034, d = 0.14522.
The backlash hysteresis curves of the proposed model and experi-
mental results are shown in Fig. 10: the left panel presents the time
history of output and the corresponding error, while the right
panel shows the functional relationship between the input and
output from both the experiment and proposed model. It is noted
that these model parameters can also be used for multi-periodic
inputs consisting of two signals as shown in the middle panel of
Fig. 3. The results are shown in Fig. 11.

An input signal comprising of a sequence of non-harmonics
shown in the lower panel of Fig. 3 is used next. The model param-
eters for this case are similar to those at the above cases. Fig. 12
shows the comparison between identification results and experi-
mental data. The left panel presents the time history of the real
experiment and the predicted model given by Eqs. (7)–(9). The
identification error is also given in this panel. The right panel is
represented for the relation between the displacement input and
output signal. From these, it can be concluded that there is a good
agreement between the proposed model and the real experimental
data for periodic and non-periodic input signals applied to the ten-
don-sheath system.

5.2.2. Position tracking performance of the proposed control scheme
To validate the model applied in the control scheme in real-time

implementations, different excitation signals are used. Fig. 13(a)
shows the time history of a reference sinusoidal signal, xr(t), with
55� of amplitude and frequency of 0.2 Hz as shown in Section 5.2.1.
The time history of measured output signal xout(t) based on the
feedforward compensation and the corresponding errors are
shown in this figure.

The effectiveness of the feedforward control scheme is illus-
trated in Fig. 13(b) for a single sinusoidal input signal. It can be
observed that without feedforward compensation, the error be-
tween the reference input xr(t) (see the left panel of Fig. 9) and
the measured output xout(t) (at distal end) is rather high (27�
peak-to-peak). When a feedforward scheme is applied (see the
right panel of Fig. 9), this error is significantly reduced (8�
peak-to-peak). The control input xFF is shown in Fig. 13(c) and
the relation between input and output, before and after compensa-
tion is presented in Fig. 13(d).

Fig. 14 illustrates the real-time compensation of a multi-peri-
odic motion with feedforward control. Utilizing the observer given
in Eq. (12) and the smooth function in Eq. (13), together with the
model parameters given in Section 5.2.1, the tracking performance
for the system is improved, where the peak-to-peak error is
reduced from 27� to 8.5� after compensation with the feedforward
loop (Fig. 14(b)). The time history of the control input xFF and the
relation between input and output are also presented in
Fig. 14(c) and (d), respectively.

In the case of a non-harmonic input sequence, the effectiveness
of the asymmetric backlash hysteresis model and its observer are



Fig. 9. Block diagram of the system; (a) without feedforward; and (b) with feedforward compensation scheme for tendon-sheath mechanism.

Fig. 10. Identified results for input signal of 0.2 Hz in frequency. The unit for displacement is expressed in degree.

Fig. 11. Identified results for multi-periodic input combined by two signals of 0.2 Hz and 0.5 Hz in frequency. The unit for displacement is expressed in degree.

Fig. 12. Identified results for a non-harmonic sequence of input signal with frequencies of 0.25 Hz and 0:25
ffiffiffi
3
p

Hz. The unit for displacement is expressed in degree.
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demonstrated in terms of the tracking performances. As shown in
Fig. 15, the maximum peak-to-peak error before compensation is
around 28� and after applying the compensation scheme, the error
is reduced to 9.2�. From these results, it is shown that the proposed
schemes are not only efficient for periodic motions but also well
suited for non-periodic motions.

6. Discussion

In the previous sections, the simulations and real-time imple-
mentations of the proposed model and control schemes were pre-
sented for the tendon sheath systems. The controller scheme does
not need any complex inverse models, which will require us to
re-evaluate the parameters of the inverse model and to use a non-
linear control algorithm. In our approach, the compensator is di-
rectly developed based on the proposed model.

The control scheme based on the proposed model gives a good
tracking performance. It has been shown that the approach works
well not only with periodic and multi-periodic motions but also for
a non-harmonic sequence of motion. This feature is very important
for surgical robots because most of the surgeons’ motions are typ-
ically non-harmonic.



Fig. 13. (a) The time histories of single frequency reference and measured output signals; (b) error results; (c) the time history of control input and reference signal; and (d)
input vs. output. The unit for displacement is expressed in degree.

Fig. 14. (a) The time histories of periodic reference and measured output signals; (b) error results; (c) the time history of control input and reference signal; and (d) input vs.
output. The unit for displacement is expressed in degree.
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Based on the authors’ knowledge, current control approaches in
the literature only demonstrated results for a periodic motion and
the model parameters depend on the tendon-sheath configuration.
The results demonstrated that the controller based on the pro-
posed model is able to enhance the tracking performances of the
tendon-sheath in endoscopic systems for any configurations. This
comes from the fact that our proposed model does not depend
on the sheath curve angles.

However, it has to be highlighted that the proposed model is
developed based on several assumptions such as the tension of
the tendon is always maintained by an initial pretension in order
to avoid the slack of the tendon and the accumulated curve angles
of the sheath should not change during the experiment.
Nonetheless, the proposed model structure is independent of the
tendon-sheath configuration as long as the accumulated curve an-
gles remain, which is not the case on the current approaches found
in literatures [1,5–8,10–13].

Due to size constraint and sterilization problem, sensors cannot
be mounted at the tool tips of robotic arms. Therefore, necessary
feedbacks such as position and force for the tendon sheath system
are not available. In such cases, only a feedforward control scheme
is applicable to compensate for the nonlinearities. Because the
accuracy of compensation depends on the model parameters and
observers, there still exist slight errors in the tracking result. For
some surgical devices such as the Laproteck robot arm or the
MRI compatible system [14,38,39], information at the tool tips



Fig. 15. (a) The time histories of non-periodic reference and measured output signals; (b) error results; (c) the time history of control input and reference signal; and (d) input
vs. output. The unit for displacement is expressed in degree.

Fig. 16. Block diagram for controller with feedforward and feedback combination.
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may be available for feedback. In such cases, a combination
between the feedforward-based the proposed model and feedback
control scheme is beneficial to enhance the tracking performances
and reduce the errors [21,40]. The structure of this scheme is illus-
trated by Fig. 16.

According to Fig. 16, the feedforward control scheme given by
Eqs. (11)–(14) are combined with a PID feedback controller in
the following equation:
Fig. 17. Comparison results (the unit for displacement is expressed in d
xFFþFBðtÞ ¼ xFFðtÞ þ KPeðtÞ þ KI

Z
eðtÞdt þ KD

deðtÞ
dt

ð15Þ
where e(t) = xr(t) � xout(t) is the tracking error with xr(t) as the ref-
erence input signal, xout(t) the measured output at distal end of
the tendon-sheath system, KP, KI, KD as the control parameter of pro-
portional gain, integral gain, and derivative gain, respectively.

To show the tracking performance between two proposed
schemes, a single periodic motion is considered, where the model
parameters are a1 = 0.9477, a2 = 0.9333, A = �0.8130, # = 4.3820,
d = �0.0570. The PID controller is applied with gains of P = 1.5,
I = 2, D = 0.

Fig. 17 presents the real-time compensation results for the ten-
don-sheath mechanism under two control schemes. By introducing
a combination of feedforward and feedback loop, the tracking error
is reduced to 5.8� from 8� when we only utilize feedforward loop as
shown in Fig. 17.

From these results, it can be concluded that a feedforward plus
feedback control scheme can achieve better tracking performances
than a single feedforward scheme. However, the combined scheme
needs output feedback at the tool tips, which can result in
increasing the DoFs in the slave, and consideration of safety issues
in surgical applications.
egree); (a) position input vs. position output and (b) error results.
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7. Conclusion

The advantages of being light weight, safe, small size, and flex-
ible, make the tendon-sheath mechanism a suitable mode of trans-
mission in flexible endoscopic systems. However, nonlinear
phenomena such as backlash hysteresis in this mechanism pose a
big challenge in current surgical applications. In this paper, we
have proposed schemes including modelling, identification, and
control to enhance the tracking performances for the tendon-
sheath mechanism in flexible endoscopic robots.

The proposed model has a reduced number of model parame-
ters compared to the original asymmetric Bouc–Wen model and
enhances the tracking performances of the tendon-sheath. In com-
parison with current approaches in the literature, the proposed
model is better able to track backlash hysteresis nonlinearities in
the tendon-sheath mechanism with less effort in computation
and in the identification processes. The application of the proposed
model for feedforward control scheme has been demonstrated in
this paper. The control structure is simple to use because it uses
the proposed model directly in the controller design.

As observed from the experimental results, the backlash hyster-
esis nonlinearity is independent of the tendon-sheath configura-
tion as long as the accumulated curve angles are maintained.
Therefore, the proposed model allows for arbitrarily changes of
the tendon-sheath configuration. It means that the model is good
for any tendon-sheath configurations with a fixed accumulated
curve angle.

In order to reduce the tracking error further, a combination of
feedforward and feedback control scheme has also been demon-
strated assuming that output feedback is available. However,
under some constraints, in the absence of the output feedback, a
feedforward control scheme is more suitable.

Future activities will be conducted by developing models and
control schemes for a pair of tendon-sheath systems to adapt to
any configuration. A nonlinear adaptive control schemes will be
developed to take into account disturbances as well as flexible
changes of configuration during real-time implementation. A high-
er two DOFs will be considered in the next phase of the research as
well as in vivo experimental works will be undertaken.
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